Exposure to repeated, intermittent, escalating doses of amphetamine in rats disrupts information processing in several tasks. Some of these deficits, notably impaired attentional set shifting, may reflect altered prefrontal cortex function. This study examined the effects of repeated treatment with amphetamine on performance in the 5-choice serial reaction time test. This test measures sustained visual attention, a behavior that is known to require the prefrontal cortex. Rats were trained to respond to a brief light stimulus presented randomly in one of five spatial locations, with 100 trials per session. Once performance had stabilized rats were treated with escalating doses of amphetamine (three injections per week for 5 weeks at 1-5 mg/kg per week); testing was continued on nondrug days, and for several weeks of withdrawal. During the amphetamine-treatment and withdrawal phases accuracy of responding was unaffected, but errors of omission increased. Lengthening the stimulus duration abolished this effect. Reducing the stimulus duration also reduced response accuracy and this effect was more marked in amphetamine-treated rats. Both reduced accuracy, and increased omissions, seen in amphetamine-treated rats were reversed by injecting the D1 receptor agonist SKF38393 into the medial prefrontal cortex. This treatment also prevented the decline in accuracy in control animals that resulted from reducing the stimulus duration. These results, indicating that exposure to amphetamine induces a long-lasting deficit in visual attention, add to a growing list of deficits suggesting that amphetamine-sensitized state may model the cognitive deficit state in schizophrenia. The reversal of these deficits by a D1 receptor agonist provides further evidence that prefrontal D1 dopamine receptors are involved in cognition, and may be a potential target for treatment of impaired cognition in schizophrenia.
INTRODUCTION
Repeated, intermittent treatment with psychomotor stimulants such as amphetamine can enhance the subsequent behavioral and neurochemical effects of the drug (Robinson and Becker, 1986; Vanderschuren and Kalivas, 2000) . Such sensitization reflects long-term, drug-induced, neuroadaptive changes. The most frequently studied changes are those related to the functioning of mesostriatal and/or mesolimbic dopamine (DA) systems. These changes are the ones that underlie the sensitized locomotor responses, and augmented efflux of DA in striatal regions, elicited by challenge doses of amphetamine (Paulson and Robinson, 1995; Robinson et al, 1988) .
In humans, chronic amphetamine use can lead to psychosis (Sato et al, 1992) ; as well, acute challenge with amphetamine can induce psychosis in individuals with schizophrenia at doses that are ineffective in controls (Lieberman et al, 1987) . Individuals with schizophrenia may show enhanced release of DA, compared to control subjects, following amphetamine (Abi-Dargham et al, 1998; Laruelle et al, 1999) . These apparent increased psychotomimetic and neurochemical effects of amphetamine in schizophrenia resemble the sensitized responses observed in animal subjects. Indeed, it has been suggested that a sensitization-like process may contribute to the pathophysiology of schizophrenia (Howes et al, 2004; Laruelle, 2000; Lieberman et al, 1997; Ujike, 2002) . Accordingly, the amphetamine-sensitized state has attracted interest as a model for aspects of schizophrenia, especially those related to psychosis.
In recent years, attention has been directed towards understanding, and treating the cognitive deficit state in schizophrenia. The amphetamine-induced sensitized state may be relevant to this aspect of schizophrenia given the increasing number of reports describing information processing deficits in rats previously exposed to amphetamine. These deficits include disruptions of latent inhibition (Murphy et al, 2001; Russig et al, 2002 Russig et al, , 2003 Tenn et al, 2005) , and of prepulse inhibition (PPI) of the acoustic startle reflex (Tenn et al, 2003 . Latent inhibition (Ellenbroek et al, 1997; Jeanblanc et al, 2002; Joseph et al, 2000; Solomon and Staton, 1982) and PPI (Kodsi and Swerdlow, 1994; Swerdlow et al, 1990; Wan and Swerdlow, 1996) are disrupted by lesions of, or local neurochemical manipulations within, the nucleus accumbens and/or dorsal striatum. Therefore, the effects of the amphetamine-induced sensitized state on latent inhibition and PPI may be consistent with the notion that this state induces functional changes in dopaminergic pathways.
A number of cognitive deficits have been described following exposure to repeated amphetamine treatment. In non-human primates a sensitizing regimen of amphetamine disrupts working memory (Castner et al, 2005) whereas in rats attentional set-shifting ability is impaired after amphetamine exposure . Working memory (Goldman-Rakic, 1995; Jones, 2002; Pratt and Mizumori, 2001 ) and attentional set-shifting (Birrell and Brown, 2000; McAlonan and Brown, 2003) involve the medial prefrontal cortex (mPFC), and so the deficits in these cognitive abilities in the amphetamine-sensitized state might result from altered PFC function. Reversal learning is impaired following amphetamine or cocaine exposure, and this likely reflects altered orbitofrontal cortex function (Jentsch et al, 2002; Schoenbaum et al, 2004) .
Rats with a history of amphetamine treatment appear also to have attentional deficits. In one study, rats that previously self-administered amphetamine showed reduced accuracy and had increased errors of omission in the 5-choice serial reaction time task (Dalley et al, 2005) ; these deficits are similar to those observed after damage to selected regions of the PFC (Chudasama et al, 2003; Muir et al, 1996; Passetti et al, 2002) . Again, this provides some suggestive evidence that repeated exposure to amphetamine alters PFC function. However, one feature of the results reported by Dalley et al (2005) is that the effects observed in rats that self-administered amphetamine were relatively transient, lasting only for a few days. This contrasts with other data showing that behavioral deficits, such as impaired set-shifting, disrupted LI, and attenuated PPI, resulting from previous amphetamine exposure persist for at least several weeks after amphetamine treatment has stopped Tenn et al, 2005) . Discrete, intermittent injections of stimulants are generally more likely to induce sensitization than more frequent or sustained exposure to the drugs (Ben-Shahar et al, 2004; Nelson and Ellison, 1978; Post, 1980; Robinson, 1984; Robinson and Becker, 1986) . For example, daily 1 h cocaine self-administration sessions induce a sensitized state whereas daily 6 h self-administration sessions do not (Ben-Shahar et al, 2004) . Thus, the regimen of stimulant exposure plays a role in determining the types of long-term changes that accrue from drug exposure.
In our work, we have used a schedule of drug injections involving intermittent (3 days per week) treatment with a slowly escalating increase in dosage Tenn et al, 2003 Tenn et al, , 2005 . Therefore, the first objective of the present experiments was to examine the influence of this regimen of amphetamine treatment on visual attention using the 5-choice serial reaction time test. Having found an attentional deficit in amphetamine exposed rats a second objective was to determine the effects of injecting the D1 dopamine receptor agonist SKF38393 into the PFC on this deficit. The rationale for this part of the work is (1) the general suggestion that the D1 receptor in the PFC plays a role in cognition , (2) the finding that D1 receptor activation in the medial PFC improves attentional performance in poorly performing rats (Granon et al, 2000) , and (3) the finding that deficits in attentional set-shifting arising from amphetamine exposure are reversed by SKF38393 injected into the mPFC .
MATERIALS AND METHODS

Subjects
Male Sprague-Dawley rats (Charles River, QC) were used. They were individually housed in hanging clear plastic cages on a 12 h light-dark cycle (lights on at 0800) in a temperature controlled room (221C). During training and testing, food was restricted to 18-20 g per day. Water was available ad-libitum in the home cages. All training and testing occurred during the light cycle.
Sensitization Regimen
Rats were assigned to two groups and received an i.p. injection of D-amphetamine sulfate (Sigma-RBI, Oakville, ON), or 0.9% saline (Sal; 1 ml/kg) 3 days per week for 5 weeks. One injection per day was administered on Monday, Wednesday, and Friday. The amphetamine dose increased from 1 to 5 mg/kg at a rate of 1 mg/kg each week.
Apparatus
Training and testing for the 5-choice serial reaction time test were conducted in four operant boxes (Med Associates, St Albans, VT) measuring 33 Â 31 Â 29 cm 3 . The rear stainless-steel wall of the chamber was curved and contained an array of 5 2.5 cm square apertures located 2.5 cm above the floor and 2.5 cm apart. An infrared photodetector was located at the entrance to each aperture 1 cm from the front. A 3-W yellow stimulus light, 6.4 mm in diameter, was centered at the back of each aperture. The front wall of the chamber was constructed of stainless-steel. A 5 cm square reinforcer magazine was centered in this wall 2.5 cm above the floor. The magazine contained an infrared photodetector at the entrance, and a light mounted in the roof. A motor driven dipper arm could be raised to deliver 0.06 ml liquid through a hole in the floor of the magazine. Each operant box was illuminated by a houselight, and was enclosed in a sound-attenuating chamber equipped with a ventilation fan. The boxes were controlled by an IBMcompatible computer running Med-PC for Windows.
Locomotor activity testing was conducted in standard clear Plexiglas housing cages (27 Â 48 Â 20 cm). A row of six infrared photocell emitters and detectors was positioned along the long axis of the cage 3 cm above the floor. A computer was used to detect and record the number of photobeam interruptions.
Training
For 2 days before training rats were provided with free access to a bottle containing 10% sucrose to allow them to become familiar with this solution. For the first three 30 min training sessions, rats were placed in the operant boxes with the magazine light illuminated and the dipper raised according to a random time 30 s schedule. Each dipper elevation presented 0.06 ml 10% sucrose for 2.5 s. Subsequently the animals were placed in the chamber with one of the five response apertures illuminated. A response in that aperture extinguished that light, illuminated the magazine light and resulted in dipper elevation until the reward had been collected. Sessions lasted until 60 trials had been completed, or for 30 min. When each animal had successfully acquired this task (approximately 5 days) training on the 5-choice serial reaction time task proper began. This task requires the rat to discriminate brief visual stimuli presented randomly to one of the five spatial locations (Robbins, 2002) .
The start of the session began with illumination of the houselight and the magazine light, and elevation of the dipper for 2.5 s. A nose poke in the magazine began the first trial. After a fixed inter-trial interval (ITI) one of the five light stimuli was illuminated for a brief period; a response in that hole while the light was on, or during a short limited hold period, resulted in elevation of the dipper for 2.5 s, and illumination of the magazine light. A nose-poke into the magazine to collect the reinforcer initiated the ITI to the next trial. Incorrect responses in any of the other four holes were not reinforced but were followed by a 5 s time out period of darkness; failures to respond within the limited hold period (omissions) were also followed by a 5 s time out. A time out period also followed perseverative responding, defined as additional responses made in any of the five holes before reinforcer collection. At the end of the time out periods, the magazine light was turned on and a nose-poke in the magazine began the next trial. Responses during the ITI were recorded as premature responses, and were followed by a time out. Magazine responses at the end of these time out periods restarted the same trial. Sessions lasted for 30 min, or until rats had completed 100 trials; each stimulus was presented 20 times in a random order.
Training began with a stimulus duration of 30 s and a limited hold of 30 s. These parameters were altered dependent upon performance until the final parameters were reached. These parameters were 1 s stimulus duration, 5 s limited hold. The length of the time out was always 5 s; the ITI was also held constant at 5 s except in those experiments where ITI manipulation was the experimental variable. Training took approximately 50 days until rats were consistently responding with an accuracy of 485% and o15% omissions. Rats were then divided into two matched groups (saline vs amphetamine) based on baseline preoperative performance. A number of dependent variables were recorded. Accuracy of responding was measured by determining the percent correct responses (correct responses/(correct + incorrect responses) Â 100) and the percent omissions (number of omissions/total number of trials Â 100). Speed of responding was determined by measuring the latency to respond correctly, as well as the latency to collect the reinforcer once a response had been made. The number of premature, perseverative, and time out responses were recorded.
Surgery and Histology
Rats were anaesthetized with sodium pentobarbital (60 mg/ kg) and underwent surgery to implant 23-G guide cannulae (11 mm in length) bilaterally into the prefrontal cortex. The stereotaxic coordinates (Paxinos and Watson, 1998) were: AP: + 3.2 mm from bregma, L: + 0.7 mm from midline and DV: À3.0 mm from the skull. Obdurators (11 mm) were used to keep the guide cannulae patent. At the completion of the experiments rats were deeply anaesthetized with Somnotol and a volume of 0.5 ml fast-green dye was injected into each brain site to aid in the localization of the injection sites. The brains were removed and stored in formaldehyde for at least 7 days, and then stored in 30% sucrose solution. Brains were then frozen, cut in a cryostat in 40 mm sections and stained with cresyl violet.
Experiments
Experiment 1: effects of amphetamine sensitization and withdrawal. Rats were trained on the task for 6 or 7 days per week until all rats were responding with an accuracy of 85% correct responses, with fewer than 15% omissions. The rats were then divided into two groups based on baseline performance over the preceding 7 days. Nine rats were assigned to receive amphetamine injections and seven rats received saline injections. Throughout the course of the sensitization regimen rats received their injections on Mondays, Wednesdays and Fridays. They were not run on the task on these days. However, rats were tested on the task on Tuesdays, Thursdays, and Saturdays. This protocol was followed for the 5 weeks of the sensitization regimen, and for 5 weeks after cessation of treatments.
Experiment 2: effects of manipulating stimulus duration. At the end of the 5-week withdrawal period, and continuing through all subsequent experiments, rats were run on the 5-choice serial reaction time test task with the standard stimulus duration of 1 s, for 5 days per week. In this experiment, performance was measured at a number of different stimulus durations. On each of five test sessions one of five different stimulus durations (2, 1, 0.5, 0.25 and 0.125 s) was in effect for the full session. The order of stimulus presentations was counterbalanced as far as possible with approximately equal numbers of subjects run at each duration on each day. Test sessions occurred on Tuesdays and Fridays; on intervening days the standard session with a 1 s stimulus duration was in effect. Testing occurred in the sixth and seventh weeks after cessation of amphetamine treatment.
Experiment 3: effects of a variable inter-trial interval. This experiment involved examining performance on the 5-choice serial reaction time test when the standard 5 s ITI was changed to a variable ITI within a session. The task was exactly as for the sensitization and withdrawal phases except that the ITI was variable. Four intervals were used: 3.5, 5.5, 7.5, and 9.5 s. Over the course of the session these intervals were presented randomly for a maximum of 25 presentations each. Testing occurred in the eighth week after cessation of amphetamine treatment.
Experiment 4: effects of intra-PFC injections of SKF38393. Following Experiment 3, rats underwent surgery for implantation of cannulae in the medial prefrontal cortex. After a 7-day recovery period testing on the behavioral task resumed. After a further 10 days of stable responding performance on the 5-choice serial reaction time was measured following infusions of 0.06 mg of the dopamine D1 agonist SKF38393 HCl (Sigma-RBI, Oakville, ON), or its vehicle (saline), into the mPFC. The effects of these infusions were determined twice, once with a stimulus duration of 1 s, and once with a stimulus duration of 0.25 s. Thus, each rat was tested four times following all combinations of SKF38393 or vehicle, with each of the two stimulus durations. Test combinations were given in a counterbalanced order separated by a minimum of 72 h. On intervening week-days rats were run as usual with a stimulus duration of 1 s. Testing occurred in the 11th and 12th weeks after cessation of amphetamine treatment.
For the microinfusions, each rat was lightly restrained by hand, the obdurators were removed and a stainless-steel injector was inserted into the guide cannula. A volume of 0.5 ml was infused over 2 min, and the injector left in place for a further 2 min. The obdurators were replaced and the rat was placed in the test chamber; the test session began immediately. Before any drug infusions all rats were extensively familiarized with the handling procedure used for the microinjections. After histological verification of injection sites one animal was excluded from the salinetreated group.
Experiment 5: effects of an amphetamine challenge on locomotor activity. Beginning approximately 13 weeks after the final injection of amphetamine rats were habituated to the locomotor activity testing cages for 2 h on each of three consecutive days. On the test day all rats were injected with 0.5 mg/kg amphetamine immediately before being placed in the activity cages. The number of photocell interruptions was recorded over the next 60 min.
Statistical Analyses
Data were analyzed by t-tests (baseline data for Experiment 1, Experiment 5), or by two-way analysis of variance (Experiments 1, 2, and 3) or three-way analysis of variance (Experiment 4). Where appropriate, a significant three-way interaction was further analyzed by tests of simple interactions. Post hoc comparisons between means were made using Tukey's test.
RESULTS
Before testing rats were assigned to receive amphetamine or saline treatment based on baseline levels of performance. Accordingly there were no significant differences between the two groups on any measure of performance at baseline (all p40.1; see Figures 1 and 2 ).
Experiment 1: Effects of Amphetamine Sensitization and Withdrawal
Sensitization phase. Figures 1 and 2 illustrate performance of saline and amphetamine-treated rats on the 5-choice serial reaction time test for the 5 week drug treatment period, and the subsequent 5-week withdrawal period. During the 5 weeks of amphetamine exposure accuracy of responding was unaffected by amphetamine; neither the main effect of treatment nor the interaction between treatment and week being significant (p40.2). The proportion of trials on which responses were omitted (% omissions) was significantly increased in the amphetamine-treated group, as reflected by the significant main effect of treatment (F(1, 14) ¼ 13.62, po0.01) and the interaction between treatment and week (F(4, 56) ¼ 2.86, Figure 1 Performance on the 5-choice serial reaction time for rats injected with saline (Sal) or amphetamine (Amp). The graphs depict (a) % accuracy of responding, and (b) the percentage of trials on which animals failed to respond (omissions). Performance was measured at baseline, prior to any treatment, through 5 weeks of the sensitization regimen (S1-S5) and for a further 5 weeks after withdrawal of treatment (W1-5). Drug injections were administered on Monday, Wednesday, and Friday of each week; behavioural testing was conducted on Tuesday, Thursday and Saturday of each week. Symbols denote the averaged mean (7SEM) weekly performance of rats receiving saline (n ¼ 7) or the escalating dose regimen of amphetamine (n ¼ 9).
po0.05). The latency to make a correct response, the latency to collect the reinforcer as well as the number of premature responses were not affected by amphetamine treatment (main effects and interactions all p40.1). The number of perseverative responses was higher in the amphetamine-treated group (F(1, 14) ¼ 23.07, po0.001).
Although the amphetamine Â week interaction was not significant (F(4, 56) ¼ 1.23, p40.29) , post hoc testing confirmed that the group difference was significant on weeks 2-5 (po0.01).
Withdrawal phase. During the 5 weeks after cessation of amphetamine treatment amphetamine-treated rats showed a modest but nonsignificant increase in accuracy of responding (F(1, 14) ¼ 2.02, p40.05). This was accompanied by a significant increase in the percentage of omitted responses (F(1, 14) ¼ 33.1, po0.001) that was sustained over the 5 weeks of testing. Amphetamine treatment did not alter latency to respond, latency to collect reinforcement, or premature responding (all p-values for main effects and interactions 40.15). Perseverative responding was slightly increased in amphetamine-treated rats (F(4, 56) ¼ 9.03, po0.01).
Experiment 2: Effects of Manipulating Stimulus Duration
As shown in Figure 3 reducing the stimulus duration reduced accuracy of responding (F(4, 56) ¼ 138.0, po0.001). Compared to controls amphetamine-treated rats showed a greater reduction in accuracy (F(1, 14) ¼ 76.67), that varied as a function of stimulus duration (F(4, 56) ¼ 16.11, po0.0001). Accuracy was significantly lower in amphetamine-exposed rats compared to controls at the 0.5, 0.25 and 0.125 s stimulus durations. The proportion of trials on which omissions occurred increased as the stimulus duration was reduced (F(4, 56) ¼ 28.69, po0.001). The percentage of omitted trials was also increased by prior amphetamine exposure (F(1, 14) ¼ 80.4, po0.001). The interaction between amphetamine treatment and stimulus duration was not significant; however, post hoc comparisons revealed that amphetamine-treated rats were significantly different from controls at stimulus durations of 1 s and less, but not at 2 s. Levels of premature responding increased as the stimulus duration was reduced (F(4, 56) ¼ 3.47, po0.003); the overall main effect of amphetamine treatment was significant (F(1, 14) ¼ 12.07, po0.01) but post hoc tests showed that these animals were significantly higher than controls only at the 0.25 and 0.125 s durations. No effects of amphetamine or stimulus duration were found for measures of perseverative responses, response latency or latency to collect the reinforcer (all p40.2; data not shown).
Experiment 3: Effects of Variable ITIs
For each dependent variable performance was analyzed both as a function of the ITI (using a 2 Â 4 ANOVA), and as a total collapsed across ITIs. The data are shown in Figure 4 . Analysis of accuracy scores revealed only a main effect of ITI (F(3, 42) ¼ 6.22, po0.001) reflecting the fact that performance declined slightly at the longest two ITIs. On the measure of omissions, amphetamine-sensitized rats showed an overall higher degree of omissions (F(1, 14) ¼ 6.03, po0.03); omissions tended to increase with increasing ITI value (F(3, 42) ¼ 4.21, po0.02). The interaction between ITI and amphetamine treatment was not significant (F(3, 42) ¼ 0.78, p40.5); post hoc comparisons showed that amphetamine-treated rats made significantly more errors of omission compared to controls on trials with ITIs of 3.5, 5.5, and 7.5 s but not 9.5 s. Premature responses were significantly higher in amphetamine-treated rats (F(1, 14) ¼ 8.53, po0.02), and at longer ITIs (F(3, 42) ¼ 55.5, po0.001). The interaction was not significant (p40.2) but post hoc comparisons showed that premature responding was higher for amphetamine-treated rats only at the 7.5 and 9.5 s ITIs. No significant main effects of amphetamine, or interactions between ITI and amphetamine were found on measures of perseverative responses, correct latency or reinforcer latency (data not shown). Figure 5 shows that the cannulae placements for this experiment were distributed throughout the mPFC, at the level of the prelimbic and infralimbic regions.
Experiment 4: Effects of Intra-PFC Injections of SKF38393
The results of this experiment are shown in Figure 6 . For the measure of response accuracy the main effects of stimulus duration (F(1, 13) ¼ 95.2, po0.001), and SKF38393 treatment (F(1, 13) ¼ 108.1, po0.001) were significant but the main effects of amphetamine treatment was not Figure 4 The effects of a within session variable inter-trial interval (3.5, 5.5, 7.5, and 9.5 s) on (a) % accuracy, (b) % omissions and (c) The number of premature responses for saline (Sal) and amphetamine (Amp) treated rats. For each measure bars represent the average mean (7SEM) value at each ITI, as well as for the whole session (Total). Testing occurred in the 8th week after cessation of amphetamine treatment. * , **po0.05, 0.01 compared to Sal condition. Figure 5 Schematic reconstruction of injection sites for rats used in Experiment 4. Sections are adapted from Paxinos and Watson (1998) at 3.7, 3.2, 2.7, and 2.2 mm anterior to bregma. The number of sites depicted is lower than the number of subjects used because of some overlap of sites.
(F(1, 13) ¼ 1.31, p40.2). The overall three-way interaction between amphetamine treatment, stimulus duration and SKF38393 treatment was significant (F(1, 13) ¼ 4.8, po0.05). Analysis of simple interactions revealed that the interaction between amphetamine treatment and stimulus duration was significant following infusions of saline (F(1, 13) ¼ 7.66, po0.02) but not SKF38393 (F(1, 13) ¼ 1.27, p40.2) into the PFC. Thus, reducing the stimulus duration from 1 to 0.25 s reduced accuracy of responding, and this effect was enhanced in amphetaminetreated rats. These effects were observed only in rats infused with saline into the PFC. SKF38393 infused into the PFC eliminated the reduction in accuracy due to both amphetamine treatment and to reducing the stimulus duration.
For percentage omissions amphetamine-treated rats tended to show a higher incidence of omissions (F(1, 13) ¼ 7.11, po0.02), whereas SKF38393 tended to reduce omissions (F(1, 13) ¼ 10.05, po0.01). The interaction between amphetamine and SKF38393 was significant (F(1, 13) ¼ 7.63, po0.02). This interaction reflects the fact that while amphetamine enhanced omissions relative to control animals this effect occurred only following saline infusions into the PFC, and not when SKF38393 was injected into this area.
For measures of premature responding, perseverative responding, correct response latency and reinforcer latency there were no consistent effects of amphetamine treatment, SKF38393 treatment or interactions between the two factors (all p40.2; data not shown).
Experiment 5: Effects of an Amphetamine Challenge on Locomotor Activity
Rats treated with the sensitizing regimen of amphetamine recorded 1737 (7211) photocell counts over 1 h following a challenge with 0.5 mg/kg amphetamine. Control rats recorded 535 (775.8) counts following such a challenge. This difference was highly significant (t 13 ¼ 4.56, po0.001).
GENERAL DISCUSSION
Two main findings emerged from this study. Firstly, a regimen of amphetamine treatment that resulted in sensitization to the locomotor stimulant effects of amphetamine impaired visual attention, and this effect persisted for many weeks beyond cessation of the drug treatment. Secondly, the deficits found in amphetamine-treated rats were reversed by infusing the dopamine D1 receptor agonist SKF383893 into the mPFC. This manipulation also prevented the decline in accuracy of responding resulting from a reduced duration of the target stimulus.
During the period in which amphetamine was administered and withdrawn, the primary behavioral effect in amphetamine-treated rats was a consistent increase in the number of trials on which animals failed to respond. The increase in omissions persisted through 5 weeks of withdrawal and was also apparent beyond that time point in all of the subsequent individual experiments, including ones in which the stimulus duration was altered and the ITI was varied. None of the other measures of task performance was affected in such an obvious or consistent fashion. In particular, accuracy of responding at least under basal task conditions of the 1 s stimulus duration, was not altered by amphetamine treatment. However, accuracy of responding was impaired in amphetamine-treated rats under conditions of reduced stimulus duration.
The increased incidence of omissions by amphetaminetreated rats likely reflects a primary attentional deficit, rather than a nonspecific performance impairment, for several reasons. Firstly, lengthening the stimulus duration from 1 to 2 s eliminated the effect in amphetamine-treated rats who responded on almost all trials with a high degree of accuracy. Secondly, speed of responding to the light stimulus, as well as latency to collect the reinforcer, were not altered by amphetamine treatment; this suggests that increases in omissions cannot be attributed to alterations in basic motor or motivational processes. Thirdly, as the stimulus duration was progressively reduced the proportion of omissions increased, with sensitized rats continuing to show substantially elevated levels of omissions compared to controls. At the same time, accuracy of responding declined in all animals but this effect was more pronounced in amphetamine-sensitized rats. Presumably a reduction in stimulus duration increases the difficulty of the task, because of increased demands on attentional resources, and this serves to further reveal an attentional deficit in the amphetamine-sensitized rats.
No consistent effects of amphetamine treatment were found on measures of perseverative or premature responding; again this is consistent with the lack of effect of self-administered amphetamine on these measures (Dalley et al, 2005) . On occasion, significant differences between Figure 6 The effects of infusing SKF38393 (SKF; 0.06 mg) or saline into the PFC of saline (Sal; n ¼ 6) or amphetamine (Amp; n ¼ 9) treated rats performing the 5-choice serial reaction time test with stimulus durations of 1 and 0.25 s. (a) Shows effects on % accuracy, and (b) shows effects on % omissions. All rats were tested four times under all combinations of SKF38393 and saline, and 1 and 0.25 s stimulus duration. Testing occurred in the 11th and 12th weeks after cessation of amphetamine treatment. **po0.01 compared to Sal condition at the same stimulus duration.
amphetamine-treated and control rats were found. Amphetamine-treated rats showed a statistically significant increase in perseverative responding during, and after, drug treatment. However, this effect was somewhat small (less than 10 responses per session), and did not persist into subsequent experiments. Premature responding, a behavior that is increased by lesions of several cortical areas (anterior cingulate, orbitofrontal and infralimbic cortices) (Chudasama et al, 2003; Muir et al, 1996) was not consistently affected by amphetamine treatment on the basal task. Again, however, basal levels of premature responding were low in comparison to other published findings. One manipulation that elevates premature responding is the use of variable ITIs. In the present study longer ITIs increased premature responding, and this effect was enhanced in amphetamine-treated rats. Thus, under some experimental conditions amphetamine-sensitized rats appear to have some difficulties with inhibitory control.
In a previous study, rats were given six cycles of five daily periods (up to 8 h) of amphetamine self-administration followed by 9 days of testing on the 5-choice serial reaction time test (Dalley et al, 2005) . As in the present study, these amphetamine-exposed rats showed reduced accuracy of responding, and increased omission errors. These effects generally lasted for the first few days of each attentional testing cycle, and were absent after a 2-month withdrawal period. This contrasts with the long-lasting nature of the deficits seen in the present experiment. Procedural differences between the two studies include the use of self-administered vs experimenter administered drug, route of injection (i.v. vs i.p.), multiple vs single dosing within a day, and differences in the total amount drug given to the animals. As in our earlier work Tenn et al, 2003 Tenn et al, , 2005 rats receiving intermittent, escalating dosing with amphetamine became sensitized to the locomotor stimulant effect of amphetamine. Dalley et al (2005) suggested that in their study such sensitization may not have developed, based partly on the fact that rats selfadministering amphetamine showed a blunted, rather than enhanced, response to an amphetamine challenge in the 5-choice serial reaction time test, and partly on the basis that stimulant sensitization does not seem to develop with long duration access to self-administered stimulants (Ben-Shahar et al, 2004) . It is likely then that a major contributor to the different long-term outcomes of these two regimens of amphetamine on attention relates to different neuroadaptive changes produced by the different schedules of drug exposure. However, at the present time the precise nature of those adaptive changes is not clear.
The mechanism by which amphetamine exposure disrupts sustained attention is not known, although several candidate mechanisms can be proposed. Rats in the amphetamine-sensitized state have enhanced functioning of the mesolimbic dopamine system (Paulson and Robinson, 1995; Robinson, 1984; Robinson and Becker, 1986) . In the 5-choice serial reaction time test amphetamine infused into the nucleus accumbens Robbins, 1987, 1989) affects primarily speed of responding rather than accuracy or omissions and so it is unlikely that a sensitized mesolimbic DA system mediates the deficits observed in amphetamine-treated rats. In an attentional set-shifting task amphetamine-sensitized rats exhibited deficits in making discriminations based on an extra-dimensional shift, and on reversal learning . Such deficits are produced also by lesions to the mPFC (Birrell and Brown, 2000) and orbitofrontal cortex (McAlonan and Brown, 2003) respectively, and prior amphetamine exposure induces morphological changes in these areas (Crombag et al, 2005) . Excitotoxic lesions to subregions of the mPFC reduce accuracy and enhance errors of omission (Muir et al, 1996; Passetti et al, 2002) , while damage to the orbitofrontal cortex enhances errors of omission (Chudasama et al, 2003) on the 5-choice serial reaction time test. Taken together these convergent lines of evidence suggest that attentional deficits resulting from the amphetamine-induced sensitized state may result from altered functioning of these frontal cortical areas.
What is not known is the nature of the changes induced in cortical functioning, induced by amphetamine although alterations in many aspects of PFC activity and function have been described. These include morphological changes in pyramidal neurons (Crombag et al, 2005; Robinson and Kolb, 1997) , altered expression of glutamate receptors , reduced patterns of c-fos induction after an amphetamine challenge (Feldpausch et al, 1998) , and blunted dopamine release within the mPFC in response to amphetamine (Hedou et al, 2001; Vanderschuren et al, 1999) or cocaine (Sorg et al, 1997) . Repeated amphetamine treatment also blunts the subsequent responsivity of PFC neurons to dopamine itself and to D1 agonists (Peterson et al, 2000 (Peterson et al, , 2006 . These results combined with the finding that the D1 receptor agonist SKF38393 ameliorates the attentional deficits in amphetamine-treated rats suggest that impaired cortical dopamine D1-receptor mediated neurotransmission might underlie the attentional deficits observed in rats previously exposed to amphetamine.
Amphetamine exposure disrupts sustained attention in a discrete trials, two-lever task in which rats discriminate between a signal vs no signal (Deller and Sarter, 1998; Martinez et al, 2005) . These authors suggest that altered cholinergic function mediates the deficits in amphetamine exposed animals (Deller and Sarter, 1998; Martinez et al, 2005) . Given the quite different natures of the behavioral tasks and the sensitizing regimens of amphetamine it is difficult to make direct comparisons between our study and those of Sarter and co-workers. However, it is interesting that several studies (Lehmann et al, 2003; Muir et al, 1994 Muir et al, , 1993 have shown that cortical acetylcholine depletion impairs attentional performance in the 5-choice serial reaction time test in a manner similar to amphetamine exposure.
Previous work has shown that activation of prefrontal D1 receptors, using SKF38393, enhanced accuracy in the 5-choice serial reaction time test, but only in poorly performing animals (Granon et al, 2000) . The present results showing that intra-PFC SKF38393 enhances attentional performance extend this finding in two ways. Firstly, SKF38393 reversed the attentional deficits displayed by amphetamine-treated rats. This result is consistent with our previous finding that SKF38393 reverses an attentional setshifting deficit in amphetamine-treated rats. Secondly, in control rats SKF38393 completely reversed the deficits in attentional performance that resulted from lowering the stimulus duration from 1 to 0.25 s. Although SKF38393 is an agonist at D1 receptors it shows some affinity for 5-HT 2C , though not 5-HT 2A receptors, as well as alpha-2 adrenergic receptors (Briggs et al, 1991; Neumeyer et al, 2003) . Manipulations of 5-HT systems affect primarily premature responding Passetti et al, 2003) , while alpha-2 adrenergic ligands do not affect measures of choice accuracy (Sirvio et al, 1994) , suggesting that actions at 5-HT and adrenergic receptors are not responsible for the reversal of attentional deficits by SKF38393. The fact that SKF38393 improved attentional performance following local PFC infusion is consistent with the hypothesis that the amphetamine-induced deficits may result from altered PFC function. These data do show that the amphetamine-induced deficit in attentional function is reversible, and also add to a growing body of evidence that D1 receptors in the PFC are important for cognitive function across a variety of domains, and not just in working memory.
Schizophrenia is characterized by a variety of cognitive deficits (eg, Keefe, 2001; Nuechterlein et al, 2004) . Attention/vigilance, reasoning and problem solving, and working memory are 3 key domains in which cognition is impaired in schizophrenia Nuechterlein et al, 2004) . The intermittent, escalating dose regimen of amphetamine used here produces a long-term deficit in attentional set-shifting , which may reflect impaired reasoning and problem solving skills (Nuechterlein et al, 2005) . The fact that this same regimen of amphetamine exposure disrupts attention in the 5-choice serial reaction time test shows that the amphetamineinduced sensitized state potentially affects cognition across different domains. Such findings suggest that the amphetamine-induced sensitized state may be a useful model for the cognitive deficit state of schizophrenia. The findings that impaired set-shifting, and poor attentional performance resulting from prior amphetamine exposure are prevented by SKF38393 infused into the mPFC shows that pharmacological reversal of cognitive deficits can be detected in this model. Additionally, the results obtained with this D1 receptor agonist add further evidence to the case for the D1 receptor as a target for pharmacological strategies for improving cognition in schizophrenia Goldman-Rakic et al, 2004) .
